Motion perception is qualitatively invariant across different objects and forms, namely, the same motion information can be conveyed by many different physical carriers, and it requires the processing of motion signals consisting of direction, speed, and axis or trajectory of motion defined by a moving object. Compared with the representation of orientation, the cortical processing of these different motion signals within the early ventral visual pathway of the primate remains poorly understood. Using drifting full-field noise stimuli and intrinsic optical imaging, along with cytochrome-oxidase staining, we found that the orientation domains in macaque V1, V2, and V4 that processed orientation signals also served to process motion signals associated with the axis and speed of motion. In contrast, direction domains within the thick stripes of V2 demonstrated preferences that were independent of motion speed. The population responses encoding the orientation and motion axis could be precisely reproduced by a spatiotemporal energy model. Thus, our observation of orientation domains with dual functions in V1, V2, and V4 directly support the notion that the linear representation of the temporal series of retinotopic activations may serve as another motion processing strategy in primate ventral visual pathway, contributing directly to fine form and motion analysis. Our findings further reveal that different types of motion information are differentially processed in parallel and segregated compartments within primate early visual cortices, before these motion features are fully combined in high-tier visual areas.
Introduction
Motion perception requires the processing of motion signals consisting of direction, speed, and the axis or trajectory of a moving object. Unlike direction-selective neurons with low spatial resolution in the macaque middle temporal (MT) area, those in the early visual pathway have small receptive fields that permit only a limited view of a moving object, and most frequently misrepresent the motion direction and speed, a phenomenon known as the "aperture problem" (Marr and Ullman, 1981; Pack and Born, 2001; Bradley and Goyal, 2008) . Because of this aperture problem, many models have been proposed that combine an initial linear processing stage followed by a second nonlinear stage to overcome the ambiguities of local motion signals (Clifford and Ibbotson, 2002; Bradley and Goyal, 2008) , for example, the well known "intersection of constraints" model (Adelson and Movshon, 1982; Simoncelli and Heeger, 1998; Rust et al., 2006) . Most of these approaches make use of the "spatiotemporal energy detector" in V1 (Adelson and Bergen, 1985) as a model of the first linear processing stage. As the motion of an object generates a series of retinotopic activations, another possibility recently proposed in human psychophysical studies is that the axis or trajectory of motion can provide a spatial code, either perpendicular or parallel to the direction of motion depending on motion speed (Geisler, 1999; Burr and Ross, 2002) . These psychophysical observations, known as "motion-streak" or "speed-lines," are supported directly by single-cell recordings from macaque V1 and cat area 17 (Judge et al., 1980; Jancke, 2000; Geisler et al., 2001 ). However, although speed tuning is a common property of directionselective neurons in MT (Maunsell and Van Essen, 1983a; Mikami et al., 1986; Rodman and Albright, 1987; Lagae et al., 1993; Perrone and Thiele, 2001; Priebe et al., 2003) , it is not ubiquitous in V1 and V2 (Foster et al., 1985; Orban et al., 1986; Priebe et al., 2006) . Furthermore, direction domains have only recently been demonstrated in V2 thick/pale stripes, but not in V1 where only weak motion signals corresponding to axes of moving dots at 1°/s were mapped . As the ventral visual pathway in primates is believed to encode mainly form information (Van Essen and Gallant, 1994) , how V1, V2, and V4 within the macaque ventral pathway are functionally organized to process direction, speed, and axis of motion remains largely unclear.
Here we found that orientation domains in V1, V2, and V4 that processed orientation signals also served to process motion signals associated with the axis and speed of motion. Direction signals were processed independently of motion speed by separate neuronal populations within the thick stripes of V2. The speed-dependent population responses encoding motion axes were precisely predicted by a spatiotemporal energy model. Thus, the population responses within orientation columns of V1, V2, and V4 provide a precise representation of the spatiotemporal integration of retinotopic activations generated by a moving object. Our results also offer new insights into the parallel and segregated processing of different motion signals within the primate early visual cortices.
Materials and Methods
Animal preparation and maintenance for optical imaging. All experimental procedures for primate research were approved by the Institute of Neuroscience Institutional Animal Care and Use Committee and by the local ethical review committee of the Shanghai Institutes for Biological Sciences. Six adult rhesus macaques (five male and one female) (Macaca mulatta) weighing 3.0 -4.5 kg were prepared and maintained for optical imaging as previously described (Schiessl et al., 2008; Pan et al., 2012) , except that the general anesthesia was maintained by propofol (4 -5 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 , i.v.) in five of the six macaques studied. One macaque was maintained under sodium thiopental (ϳ2 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 , i.v.) as previously reported (Schiessl et al., 2008; Lu et al., 2010; Pan et al., 2012) . The lunate sulcus (LS) and superior temporal sulcus were used as the cortical landmarks for imaging (Ts'o et al., 1990; Blasdel, 1992; Ghose and Ts'o, 1997; Lu et al., 2010; Tanigawa et al., 2010; Pan et al., 2012) .
Visual stimuli. For optical imaging experiments, a gamma-corrected CRT monitor (Sony G520, 21 inches, 1280 ϫ 960 pixels, 100 Hz, covering 40 ϫ 30 degrees of visual angle) was placed 57 cm appropriately in front of the animal. Full-screen visual stimuli were computer generated using custom-written software based on MATLAB and Psychtoolbox-3, and were presented binocularly. The spatial frequency (SF) and temporal frequency (TF) of sine-wave gratings was 1.5 cycles per degree (cpd) and 5 Hz. To maximally diminish the interferences of global luminance changes and orientation form cues from the motion processing system, a full-field noise stimulus (FNS) was employed (Fig. 1A ). In addition, there was no clear perceptible motion streak on the CRT monitor for moving FNS as assessed by human observers because, on average, the dark and bright noise elements were balanced within moving FNS and tended to cancel each other out along the axis of motion within the speed range we used. To generate a full screen noise texture we started out by creating a noise figure that spanned 20 ϫ 15 deg as our initial noise texture. Each individual pixel within this figure spanned ϳ1.8 arcmin and was chosen randomly from a uniform grayscale distribution from 0.2 to 87 candela per meter squared (cd ⅐ m Ϫ2 ) with the mean luminance being ϳ45 cd ⅐ m Ϫ2 . The initial noise texture was then magnified once to fill the full screen by bilinear interpolation to form our standard FNS (Fig. 1 A) except where otherwise stated. Unlike sine-wave gratings, the Fourier power spectrum of this standard static FNS shows uniform distribution in orientation dimension (Fig. 1 B) and the majority of power (85%) is within 7.41 cpd in SF dimension (Fig. 1C ). The drifting speeds tested for the noise stimuli ranged from 1-20°/s.
Intrinsic optical imaging and data analysis. All the equipment and recording procedures used in our customized optical imaging system have been described earlier (Pan et al., 2012) , using two Dalsa Pantera 1M60 CCD cameras combined with two telecentric 55 mm f2.8 video lenses for simultaneous recording from two chambers, one on each side of the skull. Within each trial there were two stimulus conditions, a pair of complementary visual stimuli, for example, the right and left eye stimulus pair or the 0 and 90°o rientation pair. Visual responses were recorded at 16 frames per second for a period of 8 s, including 1 s before stimulus onset under 630 Ϯ 10 nm red light illumination. The interstimulus interval was 13 s. For stimuli of drifting sine-wave gratings, data were typically averaged over 32 or 64 trials, while for drifting FNS, the data were obtained for at least 64 trials. The boundary of V1 and V2 was defined classically using either retinotopic space mapping or ocular dominance mapping, which produced stripe-like compartments per- Figure 1 . The visual stimuli and their Fourier spectra. A, Stimulus diagrams of the sine-wave grating (0°orientation) at SF 1.5 cpd and the standard FNS moving along 0°motion axis. Arrows indicate the directions of motion. B, The Fourier power spectra. For the sine-wave grating, two bright spots demonstrate that most stimulus power is presented at a single spatial frequency and orientation. Note that the Fourier power spectrum of the static FNS shows uniform distribution in orientation dimension. C, Percentage of Fourier power along the SF dimension. The majority of power (85%) for FNS resides below SF 7.41 cpd. pendicular to the border between V1 and V2 (Ts'o et al., 1990; Blasdel, 1992; Lu et al., 2010) . For each trial, frames taken after the stimulus was on for 3-7 s were averaged and then a blank frame (the averaged response for the 1 s interval before the stimulus onset) was subtracted and divided to generate a single-condition map of reflectance change (⌬R/R). Differential orientation and motion-axis maps were created by pixelwise subtraction of single-condition maps activated by a stimulus pair with orthogonal orientations (e.g., 0 -90°). To obtain a differential direction map, we subtracted two single-condition maps produced by a stimulus pair with opposing directions (e.g., 0 -180°). Orientation and direction preference maps were classically constructed using a vector summation algorithm (Blasdel and Salama, 1986; Ts'o et al., 1990; Bonhoeffer and Grinvald, 1996; Pan et al., 2012) . A variability map was obtained to find pixels with large cross-trial variability (e.g., blood vessels and other noisy regions) and a mask was generated, based on an objectively chosen threshold (Zhan and Baker, 2006; Pan et al., 2012) . Pixels covered by the mask in differential and preference maps were interpolated only for the purpose of display and were never used in further quantitative analysis. The images were then highpass filtered (1.1-1.2 mm in diameter) and smoothed (85-323 m in diameter) by circular averaging filters to suppress low-and high-frequency noise while avoiding signal distortion. Angular differences between different pairs of orientation, motion-axis, and direction preference maps were calculated and histograms were constructed to display the results. For the quantification of the response amplitude, absolute values of ⌬R/R in each responsive patch of a differential map (including patches preferring the first and the second condition), were averaged, and this averaged intensity was taken as the response amplitude. Response profile analysis (Basole et al., 2003; Zhan and Baker, 2006; Pan et al., 2012) was performed to extract the orientations best represented by the differential orientation and motionaxis maps. In brief, the cortical area to be analyzed was divided up into 12 equally spaced bins (from 0 to 180°in 15°steps) according to the orientation preference map derived from the responses to drifting sine-wave gratings. Each orientation bin contains all the cortical locations tuned to the corresponding orientation. The signs of ⌬R/R values in the differential map were reversed, so that pixels responsive to the first stimulus condition of a trial had positive values while pixels responsive to the second stimulus obtained negative values, and then the mean was subtracted from each pixel. To calculate the response profile, the ⌬R/R values within each of the orientation bins were averaged to give a measurement of response strength for that orientation before a response profile, across all bins, was produced. The response profile was also fitted with a full cycle of a cosine function,
where R is the response strength as a function of , the equally spaced orientations. A and b are the parameters to be fitted, corresponding to response strength and orientation best represented by the differential map, respectively. The best-fitting cosine function was represented as the green broken line in figures where needed for a clear illustration of orientation response profiles.
Histological cytochrome-oxidase staining of V1 and V2. Animal perfusion and conventional histological processing were performed after each optical-imaging experiment. V2, also called prestriate cortex, is the second major visual cortex located in the occipital lobe of the primate brain. Unlike V1, which is largely exposed on the cortical surface, the majority of V2 is embedded under LS in old world monkeys such as macaques. After flattening V2, the cytochrome-oxidase (CO) staining of V1 and V2 revealed CO-stained blobs and stripes (thin, thick, and pale) as characteristic patterns of V1 and V2, respectively (Sincich and Horton, 2005) . The procedures for flattening V2 and the CO staining protocol were adopted from published methods Horton, 2003, 2005) , with special attention paid to the flattening of the region between V1 and V2. Postfixation was performed with brain tissues sunk in 1.5% paraformaldehyde in phosphate buffer (PB) plus 30% sucrose. The tissues were cut parallel to the pial surface at 50 m by a vibrating slicer and the slices were dried by air on gelatin-coated slides. Each section was reacted 4 -8 h for CO staining in a solution containing 50 mg diaminobenzidine, 30 mg cytochrome, and 20 mg catalase per 100 ml of 0.1 M PB, pH 7.4. Each type of V2 stripes was defined classically as thin, pale, or thick by its physical appearance in CO-stained sections and by its spatial alignment perpendicular to the border of V1 and V2. Lesions made after optical-imaging experiments were reconstructed after histological processing. The boundary of the recording area marked under the recording chamber, together with the location of LS, was also used as a landmark for histological reconstruction. To further clarify the relationship between different functional domains recorded optically and CO-stained stripes in V2, we compared the pixel intensity profile of functional domains with that of corresponding histological sections along the direction of LS. Briefly, we took the absolute value of each pixel in a differential map of intrinsic signals, making pixels in the responsive domains all positive before selecting a rectangular part from each differential map that encoded orientation/axis of motion, color, and direction, respectively, in recorded area V2. The length of selected rectangle was equal to that of the differential map of optical imaging and the change of pixel intensities was calculated as a function of spatial positions along the axis of LS. For a histological section, we smoothed the slice image with a median-filtering kernel (0°vs 90°). Dark and bright areas correspond to orientation domains preferring 0 and 90°, respectively. Diagrams of the actual stimuli are displayed above the map. D, Differential motion-axis map. FNS drifted along motion axes of 90 and 0°in the experiment. Note that the pattern of motion-axis domains mirrors that activated by the gratings in C in an inverted fashion. E, Differential direction map. The diagrams of stimuli depict a pair of FNS moving in opposite directions (0°vs 180°). Note that directionresponsive domains were only found in V2 and spatially segregated from orientation domains. F, Color domain in V2 obtained using a drifting red-green of iso-luminance versus a drifting black-white sine-wave grating. The colored boxes indicate different functional domains corresponding to different visual features as described underneath each map.
(117 ϫ 117 m 2 ). A rectangular part very close to LS, with a width of 1.16 -3.11 mm and the same length as optically recorded maps, was also selected to determine changes in pixel intensity of the CO-staining image. The mean value of the curve was plotted to classify different V2 stripes (Heider et al., 2000) . Finally we compared the pixel intensity profile derived from the histological section with that from different functional maps to further identify the overlap between different COstained stripes and distinct functional domains, mainly based on the corresponding locations of peaks and troughs of the compared curves (see Fig. 3) .
A linear energy model simulation for motion-axis responses.
To model the motion-axis responses of V1 and V2 neuronal populations, we used a combination of the three linear filters described in previous studies (Baker and Issa, 2005; Mante and Carandini, 2005 ) that had been used to successfully explain population responses of both ferret and cat area 17. In this simple energy model, the receptive fields (RFs) of V1 and V2 neurons were represented in a 3D spatiotemporal frequency space as log-scaled Gaussian functions (Eqs. 1 and 2) as follows:
where p and were the spatial and temporal frequency coordinates; S p and T were the preferred spatial and temporal frequencies; s and T were proportional to the spatial and temporal bandwidth in octaves. The orientation tuning curve (Eq. 3) was defined as a wrapped Gaussian, with a peak orientation of and a characteristic width ⍀ .
For the model simulation, we adopted the RF characteristics of V1 mainly from Foster et al. (1985) , but with the value of orientation bandwidth from De Valois et al. (1982) . V1 SF was set to 3.0 cpd that not only optimally elicited V1 population responses in our experiments tested with sine-wave grating stimuli but also was within V1 SF range of 0.5-8 cpd (mean 2.2 cpd) from single-cell recordings in Foster et al. (1985) . All RF parameters of V2 were taken from Levitt et al. (1994a) (Table 1) . For a given stimulus A, population response R within a functional domain was modeled as the integral over all spatiotemporal frequencies and orientations of the stimulus (Eq. 4). Thus, the population responses of V1 and V2 could be quantitatively described by the multiplication of Fourier-transformed stimulus with Gaussian filters of orientation, spatial frequency, and temporal frequency as follows:
Using this simple energy model, the simulated responses to two orthogonal stimuli were subtracted in an identical manner to our methods for generating differential orientation maps in the optical imaging experiments. Thus, the population responses activated by motion axes of FNS moving at different speeds were simulated. We also simulated V1 and V2 population neurons in response to different noise sizes and to different FNS generated with different sampling distributions of noise intensity (Gaussian vs uniform grayscale distribution). It should be noted that, unlike V1 and V2, the lack of ubiquitous tuning properties of TF, SF, and orientation for V4 neurons in the literature prevented us from using the simple energy model to simulate V4 population responses.
Results
Drifting sine-wave gratings are the most popular visual stimuli used to map cortical orientation domains (Grinvald et al., 1986; Ts'o et al., 1990; Blasdel, 1992; Khaytin et al., 2008; Ts'o et al., 2009; Lu et al., 2010; Pan et al., 2012) , whereas stimuli such as visual noise and dots are widely used to dissect the motion processing system (Mackay, 1965; Nakayama and Tyler, 1981; Britten et al., 1992; Snowden et al., 1992) . In this study, to maximally remove non-motion related cues, we employed lowpass filtered FNS, whose global translation was varied only in the direction, speed, and axis of motion. In contrast to the sine-wave grating, this visual noise stimulus contained no global luminance changes and had isotropic orientation components as shown by its Fourier transform ( Fig. 1 ) (Chubb and Sperling, 1988) . Data were collected from a total of six anesthetized adult macaques.
FNS robustly activated orientation domains in V1 and V2 but direction domains in V2 only
Within a region of interest (ROI) (Fig. 2 A) , classical differential maps were acquired by subtracting intrinsic optical signals elicited by a pair of complementary visual stimuli. In this manner, ocular dominance (OD) maps were generated by alternating visual stimulation of the right and left eye (Fig. 2 B) , and differential orientation maps were produced by presenting a pair of bidirectional drifting full-field sine-wave gratings with orthogonal orientations (Fig. 2C ). Dark and bright regions within such maps indicate locations that prefer the first and second stimuli, respectively, with gray regions representing no preference. These classical functional maps obtained were consistent with previous reports (Ts 'o et al., 1990 Blasdel, 1992; Lu et al., 2010; Pan et al., 2012) . When FNS drifted bidirectionally (back and forth) along vertical (90°) and horizontal (0°) motion axes (at a speed of 7°/s), we found robust responsive cortical domains within both V1 and V2 (Fig. 2 D) . More strikingly, the functional domains activated by FNS were inverted with respect to those activated by drifting gratings of 0 and 90°orientations that had the same motion axes as the FNS (Fig. 2C,D) . Another critical element of motion perception is motion direction. By subtracting responses evoked by FNS drifting in opposite directions (0°vs 180°), we found direction-selective functional domains in V2 but not in V1 (Fig. 2 E) , confirming a recent finding . In addition, the directionselective domains we observed were segregated from those encoding grating orientation and from the motion-axis domains activated by FNS in V2 (Fig. 2C-E) . The differential maps of the same ROI for the 135 and 45°pair of motion axes and for the 45 and 225°pair of motion directions showed similar results (data not shown).
We also mapped the color domains in V2 by using red-green of iso-luminance versus white-black sine-wave gratings of the same orientation (Fig. 2 F) . The color domain in V2 was spatially segregated from those encoding form and motion information, consistent with previous findings Hubel, 1984, 1988; Tootell and Hamilton, 1989 2010). Thus, distinct functional domains for processing the axis and direction of motion are spatially segregated, with only motion-axis domains overlapping with the classical orientation domains in both V1 and V2 ( Fig. 2C-E) .
Histological identification of V2 stripes for encoding motion direction and axis
A recent study has mapped direction domains in V2 from both anesthetized and awake macaques using random-dots stimuli . This study found that the majority of these domains (9 of 12 clusters) were spatially aligned with the center of orientation domains activated by luminance gratings and subsequently suggested that the direction domains were located in the thick/pale stripes of V2 . Without histological verification, it is impossible to identify the precise location for direction-selective responses as previous studies using extracellular recordings in macaque V2 have shown that orientationselective neurons are present also in the thick stripes (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Peterhans and von der Heydt, 1993; Hegdé and Felleman, 2007) . In fact, early electrophysiological single-cell recordings in macaque V2 have demonstrated that the majority of direction-selective neurons are clustered in the thick stripes rather than the pale and thin stripes (DeYoe and Van Essen, 1985; Zeki, 1985, 2002; Hubel and Livingstone, 1987; Peterhans and von der Heydt, 1993; Levitt et al., 1994a; Gegenfurtner et al., 1996) . These findings from single-unit recordings are supported by early intrinsic optical imaging studies that showed orientation-selective responses are mainly located in the pale stripes of V2 while the color-selective responses are in the thin stripes (Ts'o et al., 1990 (Ts'o et al., , 2001 Roe and Ts'o, 1995; Xiao et al., 2003) . In the current study, most direction domains that were mapped in macaque V2 were spatially separated from the functional domains encoding either grating orientation or chromatic information and only motion-axis domains were precisely in register with the orientation domains in V2. Thus, we performed CO staining of V1 and V2 for all macaques studied after imaging experiments to identify the anatomical relationship between these distinct functional domains. In a flattened section of V2 taken from a representative example of macaques (Fig. 3A) , the cycle of three different CO compartments-the pale, thick and thin stripes-was clearly revealed, as previously reported (Horton and Hubel, 1981; Livingstone and Hubel, 1983; Tootell et al., 1983; DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Levitt et al., 1994b; Malach et al., 1994; Xiao and Felleman, 2004; Sincich and Horton, 2005; Federer et al., 2009; Lim et al., 2009) . We spatially aligned the functional domains mapped with optical imaging for different visual features with those CO-stained stripes in V2 after reconstruction of lesions. Additionally, to further confirm the alignment, we adopted the method for the acquisition of changes in pixel intensities of the CO-staining image to classify different V2 stripes (Heider et al., 2000) ( Fig. 3B-D ; see Material and Methods), regardless of the fact that most CO-staining of V2 stripes shows more irregular patterns than V1 blobs (Sincich and Horton, 2005) . The layout of these functional domains clearly revealed that the processing of the direction and chromatic information occurred in the regions corresponding to the thick and thin stripes in V2, respectively, while domains encoding the orientation and the axis of motion mainly took place in the pale stripes.
Relationship between motion-axis domains and motion speeds in V1, V2, and V4 For spot stimuli moving above some critical speeds, the orientation preferences of a subgroup of V1 neurons of both macaques and cats are shifted by 90°, becoming parallel to the direction of the moving spot (Jancke, 2000; Geisler et al., 2001; Jancke and Grinvald, 2007) , supporting the motion streak or speed-lines phenomenon (Geisler, 1999; Burr and Ross, 2002; Burr and Thompson, 2011) . In fact, an earlier V1 study in awake macaque had already noted that fast-moving dots along the axis of preferred orientation were more effective for activating neurons across all V1 laminae (Judge et al., 1980) . As V1 is the primary gateway to both dorsal and ventral visual pathways in primates (Ungerleider and Mishkin, 1982; Felleman and Van Essen, 1991; Goodale and Milner, 1992; Van Essen and Gallant, 1994; Born and Bradley, 2005; Sincich and Horton, 2005; Nassi and Callaway, 2009) , it is still not clear if the ventral visual pathway could directly contribute to the motion streak or speed-lines phenomenon. Further studies were thus performed specifically to examine the orientation preference of the motion-axis domains activated by FNS moving at different speeds, not only in V1, but also in V2 and V4. FNS moving at four different speeds (1, 2, 4, and 7°/s) all activated cortical domains in both V1 and V2 (Fig.  4 A, B) . The responsive regions from V1 and V2 were superim- posed with colored iso-orientation contours derived from the orientation preference map generated using sine-wave gratings (Fig. 4C,D) . The same way of presenting differential maps with colored iso-orientation contours superimposed was applied to the other example maps. Surprisingly, the motion-axis domains activated by FNS moving at 1°/s appeared very similar to those activated by drifting gratings in both V1 (ROI 1) and two pale stripes of V2 (ROI 2 and ROI 3), whereas those activated by FNS with moving speeds at and above 2°/s were completely inverted, with increased response strength for higher motion speeds (Fig.  4C,D) . To quantitatively describe the orientation preference of the functional domains activated by sine-wave gratings and FNS, we performed response profile analysis using previously described methods ( Recording area was outlined by a red box overlaid onto an image of the cortical surface of V1 and V2 taken under green-light illumination (550 nm). A, Anterior; L, lateral. LS runs just to the right of the imaged area. B, Differential orientation maps generated by pairs of sine-wave gratings with orthogonal orientations (0 -90°) and FNS moving along orthogonal motion axes (90 -0°) with different speeds (1, 2, 3, 4, and 7°/s). Blood vessels were colored gray. Note that the white and black polarities of orientation domains activated by FNS inverted when the moving speed exceeded 2°/s. Red boxes indicate ROIs of V1 and V2 selected for further analysis. C, E, Magnified maps from representative ROIs in B. D, F, Results of orientation response profile analysis for response maps in C and E, respectively. Note that when the FNS moving speed exceeded 2°/s, the response profiles inverted compared with those activated by the sine-wave gratings and the FNS with moving speed of 1°/s. Scale bar, 1 mm. et al., 2012). The resulting orientation response profiles for drifting gratings and FNS moving at 1°/s were closely in register with each other in both V1 and V2 (Fig. 4 E, F ) , indicating that the FNS-activated domains were actually the same domains activated by drifting gratings, with an orientation preference orthogonal to the axis of moving noise. However, the orientation response profiles, derived from FNS with moving speeds at and above 2°/s, were completely flipped for both V1 and V2 when compared with those derived from both gratings and FNS with 1°/s speed (Fig.  4 E, F ) . This flip in preference demonstrated that FNS-activated domains had an orientation preference parallel to the direction of moving noise at speeds above 2°/s. Similar findings were observed in a total of 9 and 11 hemispheres examined for V1 and V2, respectively, across all six macaques studied (Figs. 5-7) . We also examined the population responses of V1 and V2 elicited by FNS with two different sizes of large noise in two macaques. The large noise size was generated by bilinear interpolation of our initial noise texture and magnified to 5 and 9 times, respectively. We found that the noise size had no clear effects on the phenomenon that the orientation preference of population responses was perpendicular to the axis of moving noise at low speed but parallel when at high speed. However, the critical speeds for the flipping were increased to ϳ2 and 3°/s in V1 and 4 and 5°/s in V2 using the two larger noise stimuli described above, respectively (data not shown). More importantly, with respect to the classical orientation domains activated by sine-wave gratings, we also observed inverted motion-axis domains in V4 elicited by noise stimuli moving at 7°/s, along with those simultaneously mapped inverted motion-axis domains in V1 and V2 across five hemispheres investigated in three macaques (Figs. 6, 7 ). These observations in simultaneously recorded V1, V2, and V4 of macaque ventral pathway were consistent with the finding from a recent human brain imaging study that showed fast motion activates many early visual cortices of humans including V1, but not V5/MT (Apthorp et al., 2010) . Also, our observation of motion-axis domains overlapping with orientation domains in macaque V1 was consistent with a very recent report using voltage-sensitive dye imaging in cat visual area 17, in which the physical motion of a moving grating was directly observed across overlaid visual space and orientation maps (Onat et al., 2011) . Thus, our results reveal that orientation preference domains in V1, V2, and V4 that process orientation signals also serve to process motion signals associated with the axis and speed of motion. These simultaneous recordings of V1, V2, and V4 suggest that orientation domains encoding the past trajectory of a moving object is a common feature in the early ventral visual pathway of the macaque.
Relationship between direction domains and motion speeds in the thick stripes of V2
Motion direction and speed together form a single vector known as motion velocity (Bradley and Goyal, 2008) . To explore the effects of speed on the preference of direction-selective domains, we compared the population responses to FNS drifted in opposite directions at speeds of 1 and 7°/s (the speed of 7°/s activated inverted orientation domains for axes of motion). As illustrated in Figure 8 , clear direction-selective domains were activated by FNS moving at both speeds in V2 but not in V1. Most importantly, the direction-selective domains elicited by opposite directions across all four pairs appeared very similar between motion speeds of 1 and 7°/s (Fig. 8A,B) . Using the conventional vector-summation method as described in previous studies (Shmuel and Grinvald, 1996; Weliky et al., 1996; Lu et al., 2010; Pan et al., 2012) , direction preference maps were generated separately for 1 and 7°/s within ROIs 1 and 2 (Fig. 8C) . We further analyzed the microstructure of these direction domains at 1 and 7°/s. We found that direction domains in V2 at both speeds not only exhibited clear pinwheel centers and organizations with gradually changing preferences (Fig. 8C) , but also the preferred directions tended to be perpendicular to the preferred orientations elicited by drifting gratings (data not shown). The organization of these direction preference maps within the thick stripes of macaque V2 exhibited a similar pattern to those previously reported in ferret area 17 and cat area 18 where direction-selective neurons are homogeneously distributed into mosaic-like maps of direction preference (Shmuel and Grinvald, 1996; Weliky et al., 1996; Li et al., 2008) . Pixelwise subtraction of the angles of preferred directions at the two motion speeds showed histograms peaking around 0°for both ROIs (Fig. 8C) , which indicated no change in the preferred direction despite the great change in motion speed. Similar results were observed in five hemispheres examined across three macaques. In conclusion, unlike motion-axis domains in pale stripes of V2, the preference of direction domains, only present in the thick stripes of V2, was independent of motion speed, suggesting that the direction signals were processed by a separate neuronal population and at least in part by a different mechanism. This separate neural mechanism underlying direction selectivity in the thick stripes of V2 (DeYoe and Van Essen, 1985; Zeki, 1985, 2002; Peterhans and von der Heydt, 1993; Levitt et al., 1994a; Gegenfurtner et al., 1996) is most likely similar to those in V1 and MT of the macaque dorsal pathway (Adelson and Movshon, 1982; De Valois et al., 1982; Albright, 1984; Hawken et al., 1988; Movshon and Newsome, 1996; Simoncelli and Heeger, 1998; Born and Bradley, 2005; Priebe et al., 2006; Rust et al., 2006; Bradley and Goyal, 2008; Hedges et al., 2011) .
Relationship between motion-axis domains and motion speeds in the thick stripes of V2
Previous studies have shown that orientation-selective neurons are also present in V2 thick stripes (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Peterhans and von der Heydt, 1993; Hegdé and Felleman, 2007) , the only loci where direction preference domains could be mapped in the macaque (Fig. 8) . We thus directly examined the orientation signals within V2 thick stripes in response to sine-wave gratings and FNS with bidirectional motion. Figure 9 shows the orientation domains activated by both gratings and FNS within the same ROI 2 as that in Figure 8 where clear direction domains were mapped. There were no differences in response strength between pale and thick stripes activated by axes of moving noise at the speed of 2°/s ( p ϭ 0.334, t test). However, the response strength in the thick stripes for grating stimuli and the axis of moving noise at the speed of 1°/s appeared to be weaker than that in the pale stripes ( p ϭ 0.014 for gratings; p ϭ 0.0085 for moving noise, t test). Furthermore, the average population responses for the axis of moving noise, at speeds of 4 and 7°/s, were much weaker in the thick stripes than those in the pale stripes ( p Ͻ 0.0001, t test). Most importantly, 4 (Figure legend continued. ) was embedded underneath the LS. The red subregions overlaid on the OD map (right) and on the differential maps in C indicate areas of V1 and V4 that were further analyzed in D and E. Scale bar, 1 mm. C, Differential orientation map obtained with drifting sine-wave gratings and motion-axis maps generated by FNS moving at speeds of 1 and 7°/s. The bright and dark polarities of the orientation domains in the small exposed area of V2 activated by the axis of moving noise at 7°/s were inverted with respect to those activated by sine-wave gratings. Blood vessels and other noisy regions were masked gray. D, E, Magnified maps from representative areas of V1 and V4 with the results from orientation response profile analysis shown underneath. No orientation response profiles were generated for V2 because there was very little of V2 exposed. Similar findings were also obtained using FNS moving at speeds of 1 and 7°/s along 135 and 45°axes.
unlike the direction domains that lay within the same thick stripes of V2 and were independent of motion speed (Fig. 8) , the preference of motion-axis domains depended critically on motion speed and inverted around 2°/s (Fig. 9) .
A spatiotemporal energy model simulation for population responses in V1 and V2
Cortical neurons in macaque V1 and V2 respond rigorously to the orientation of a physical stimulus when the orientation matches their oriented RFs and the spatial and temporal frequencies of the stimulus are within their spatiotemporal pass-bands (Hubel and Wiesel, 1968; De Valois et al., 1982; Foster et al., 1985; Livingstone and Hubel, 1987; Levitt et al., 1994a; Carandini et al., 2005; Rust et al., 2005; Issa et al., 2008) . Using SF, TF, and orientation filters described in previous studies (Baker and Issa, 2005; Mante and Carandini, 2005) , but with filter parameters derived from early single-cell recordings of macaque V1 and V2 neurons (De Valois et al., 1982; Foster et al., 1985; Levitt et al., 1994a) , we implemented the spatiotemporal energy model simulation of the population responses for both V1 and V2. The spatial orientations activated by axes of moving noise were successfully simulated (Fig. 10 A) , and more importantly, the flip- Further example of motion-axis domains within V1, V2, and V4 recorded simultaneously in macaque 709271 right hemisphere. A, The recorded region of V1, V2, and V4. The yellow dashed line depicts the border between V1 and V2. A, Anterior; L, lateral. Scale bar, 1 mm. B, Differential orientation maps generated using drifting sine-wave gratings (0 -90°and 45-135°), and motion-axis maps produced by drifting FNS (90 -0°and 135-45°). The red boxed ROIs in V1, V2, and V4 were further analyzed in C-E. Blood vessels and other noisy regions were masked gray. C, D, Orientation preference maps (color map) generated using vector summation method from representative regions of V1, V2, and V4 (outlined by the red boxes in B). Colors depict the full range of orientation preferences. E, Histograms produced by subtracting different pairs of color maps of the same visual area in C and D. The histograms display the distribution of angular differences in preferred orientations between the two sets of maps. All the resulting histograms peak around Ϯ90°, demonstrating orthogonal orientation preference for sine-wave gratings and FNS with a moving speed of 7°/s in V1, V2, and V4. Figure 8 . The direction-selective responses recorded in V2 from the left hemisphere of macaque M06275. A, Differential direction maps in V2. Moving FNS of 1 and 7°/s were used to produce these differential maps. In each image the red dashed line delineates the V1 and V2 border. Scale bar, 1 mm. White arrows point to the only regions with direction-selective responses in V2 (examined in details in B and C). Blood vessels and unrelated marginal regions were colored with gray. B, The ROIs outlined in A were magnified for a clearer view and easier comparison. C, Detailed analysis of the direction preference maps in the two ROIs outlined in B. Direction angle maps depict the direction preferences of the two ROIs for FNS moving at 1 and 7°/s. Histograms show the angular differences between the direction angle maps generated by FNS at moving speeds of 1 and 7°/s. The percentages of pixels possessed angular differences between Ϫ60°to 60°amounted to 73 and 85% in ROI 1 and ROI 2, respectively, indicating highly matched direction preference maps produced by FNS with moving speeds of 1 and 7°/s. ping speeds were precisely predicted (Fig. 10 B) . Essentially, populations of V1 and V2 neurons temporally integrate local noise inputs along the axis of motion, inducing a stronger activation of V1 and V2 neurons with the preferred orientation orthogonal to the motion axis at low speeds but parallel to the motion axis at high speeds. We also simulated the population responses of V1 and V2 neurons to FNS with different noise sizes (from 1 ϫ 1 pixel to approximate 16 ϫ 16 pixels). Increasing noise size up to 16 ϫ 16 pixels, led to large decreases in the magnitude of the simulated population responses at all speeds together with an increase in transition speeds, from 1.2 to 3.2°/s for V1 and from 1.7 to 5.7°/s for V2 (Fig. 10C) , due to the changes of spatiotemporal energy profiles of FNS with different noise sizes. This simulation result agreed with our experimental observations. When further simulated population response to FNS with pixel intensity generated from Gaussian distribution, the results were consistent with those using stimuli of the noise generated from uniform grayscale distribution in both V1 and V2, as presented in Figure 10 B. Together, with the evidence from previous studies (Adelson and Bergen, 1985; Geisler, 1999; Jancke, 2000; Geisler et al., 2001; Burr and Ross, 2002; Clifford and Ibbotson, 2002; Jancke and Grinvald, 2007; Bradley and Goyal, 2008; Burr and Thompson, 2011; Onat et al., 2011) , these simulation results derived from a simple energy model further support the notion that neural populations with orientation-selective responses in both V1 and V2 play an important role in motion signal analysis.
In conclusion, as revealed here both experimentally and mathematically, across three visual areas (V1, V2, and V4) of macaque ventral stream, orientation-selective populations of neurons not only serve the processing of contour orientations but also the linear components of motion signals associated with the axis and speed. Our findings also add new insights to the segregated and parallel pathways for the distinct processing of different motion signals in V1, V2, and V4 of the macaque ventral visual pathway. Figure 11 is a schematic diagram to summarize our findings together with those of previous studies (Livingstone and Hubel, 1988; Van Essen and Gallant, 1994; Ts'o et al., 2001; Xiao et al., 2003; Born and Bradley, 2005; Sincich and Horton, 2005; Conway et al., 2007; Bradley and Goyal, 2008; Chen et al., 2008; Kotake et al., 2009; Nassi and Callaway, 2009; Lu et al., 2010; Tanigawa et al., 2010) .
Discussion
Another solution to the processing of motion signals in V1, V2, and V4 A central question in visual processing is how the visual system determines the direction of moving objects within the visual field given the inherent ambiguities of the motion detectors that have limited spatiotemporal capacity in early visual pathway of the primate. In the current study, we found that the orientationselective columns of macaque V1, V2, and V4, which are usually thought to process the contour-orientation signals, also encoded the motion axis associated with the motion speed. This finding concurs with previous human psychophysical studies (Geisler, 1999; Ross et al., 2000; Burr and Ross, 2002; Badcock and Dickinson, 2009 ) and evidence from single-cell recordings in macaque V1 (Judge et al., 1980; Geisler et al., 2001) .
Together, with results showing that the population responses coding the motion trajectory in macaque V1 and V2 can be precisely simulated with spatiotemporally oriented filters, our findings strongly support the notion that motion direction can be processed as orientation in space-time as a first linear step (Adelson and Bergen, 1985; Simoncelli and Heeger, 1998; Rust et al., 2005; Bradley and Goyal, 2008) . Thus, unlike the nonlinear processing of motion direction in the dorsal pathway (Adelson and Movshon, 1982; Simoncelli and Heeger, 1998; Rust et al., 2006; Bradley and Goyal, 2008) , the population responses within ori- entation columns of V1, V2, and V4 provide a linear spatial representation of the temporal series of retinotopic activations generated by a moving object. This motion-processing strategy, in the ventral pathway of the macaque, may serve a separate processing stream contributing directly to motion perception, helping to resolve the aperture problem (Geisler, 1999; Burr and Thompson, 2011) and underlying the perception of sampled motion in the cinema and on television Ross, 1986, 2002) . Indeed, in reality the representation of the spatial positions of moving objects has long been employed as in the speed-lines used by artists to indicate the direction of fast-moving objects in static 2D images.
Parallel and segregated processing of different motion signals in V1, V2, and V4
At the circuit level, while thalamic-parvocellular inputs carrying primarily form and color signals travel through layer 2/3 of V1 to the pale and thin stripes of V2 and subsequently to V4, those magnocel- B, The drastic change of peak orientation preferences to different speeds in both V1 and V2, predicted by the energy model simulation for motion-axis condition of 90 -0°. The peak orientations for sine-wave gratings (0 -90°) drifting bidirectionally were also simulated and indicated as blue dashed lines. The model predicted the critical speeds for the transition of preference of the motion axis in V1 and V2 to be 1.7 and 2.2°/s. C, The energy model simulation for the effects of varying noise sizes on the reversal speed. As noise size increases, there are large decreases in the magnitude of simulated population responses at all speeds tested (results of 7°/s were shown, left). When the noise size increases to 16 times that of the pixel size of our initial noise texture, the transition speeds for the orientation preference of model neurons increased from 1.2 to 3.2°/s for V1 and from 1.7 to 5.7°/s for V2 (right). lular signals conveying mostly motion and disparity information split into multiple streams projecting to area MT (Livingstone and Hubel, 1988; Sincich and Horton, 2005; Nassi and Callaway, 2009; Ninomiya et al., 2011) . Specifically, the major direct ascending magnocellular signal inputs to MT come from spiny-stellate neurons of layer 4B and pyramidal neurons of layer 6 in V1 (Movshon and Newsome, 1996; Yabuta et al., 2001; Nassi and Callaway, 2009 ). The indirect stream travels via pyramidal cells in layer 4B and 6 of V1 to V2 thick stripes before arriving at MT (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Sincich and Horton, 2005; Nassi and Callaway, 2009) , where direction-selective neurons are known to cluster into columns Malonek et al., 1994; Diogo et al., 2003; Xu et al., 2004) . It should be noted that V2 thick stripes also receive some parvocellular inputs from layer 2/3 of V1 (Federer et al., 2009; Sincich et al., 2010) , which most likely contribute to the orientation selectivity within the thick stripes (Fig. 9) . As in all previous reports, direction domains were not found in V1 superficial layers with intrinsic optical imaging (Figs. 2, 8) . Consequently, the lack of direction domains in pale stripes of V2 is understandable, as V2 pale stripes are the main projection targets for the orientation-selective neurons in layer 2/3 of V1. Nevertheless, our findings of distinct population responses within anatomically separated compartments support the parallel and segregated processing of different motion signals, before these signals are fully combined to allow cueinvariant motion and form processing in areas downstream of V2 (Albright, 1992; Merigan and Maunsell, 1993; Sáry et al., 1993; Onat et al., 2011) (Fig. 11) .
The preference of motion-axis but not direction domains depends on motion speed
The axis of motion represents spatial positions of a moving object across the visual field through time and has been attributed to the spatiotemporal integration of visual system (Adelson and Bergen, 1985; Geisler, 1999; Jancke, 2000; Geisler et al., 2001; Burr and Ross, 2002) . The occurrence of inverted orientation preference at high motion speeds (up to 100°/s for ferrets) has been reported in visual area 17 of carnivores (Jancke, 2000; Basole et al., 2003; Jancke and Grinvald, 2007) , and been later mathematically simulated with a spatiotemporal energy model by integrating the stimulus energy falling into the RFs of area 17 neurons (Baker and Issa, 2005; Mante and Carandini, 2005) . Using a similar spatiotemporal energy model but with RF characteristics of macaque V1 and V2 neurons (De Valois et al., 1982; Foster et al., 1985; Levitt et al., 1994a) , the population responses to motion-axis stimuli were also reproduced mathematically (Fig. 10 ). These precise simulations using TF, SF, and orientation filters showed that the orientation-selective neurons with small spatiotemporally oriented RFs in macaque V1 and V2 encode motion axes with their preferences perpendicular or parallel to the motion axes that depend critically on motion speed.
Most direction-selective neurons in V1 are simple cells residing mainly in layers 4B and 6 (Hubel and Wiesel, 1968; Hawken et al., 1988; Movshon and Newsome, 1996; Gur and Snodderly, 2007) , and most direction-selective pyramidal cells in layer 4B of V1 project to the thick stripes of V2 (Nassi and Callaway, 2009 ). It has long been known that many macaque V1 and V2 direction-selective neurons are velocity lowpass (Foster et al., 1985; Orban et al., 1986; Geisler et al., 2001) , and the direction sensitivity disappears only when the moving speeds of the optimal bar stimulus are below the average speed of 0.21 and 0.79°/s for macaque central and peripheral V1/V2 neurons, respectively (Orban et al., 1986) . Furthermore, most direction-selective simple cells in V1 are nonspeed tuned to drifting gratings, but this is not the case for some complex direction-selective cells that behave more like MT neurons instead (Priebe et al., 2006) . Our results further suggest that the mechanisms for the processing of motion axis and direction are fundamentally different in pale and thick stripes of V2, which may reflect the main physiological differences between their prominent inputs of parvocellular and magnocellular signals. The dissociation between direction and speed of motion in V2 thick stripes supports the notion that the combining of motion direction and speed may occur primarily in MT via the direct V1 inputs.
The possible functional role for V2 direction domains
Reversible inactivation of V2 and V3 affects binocular disparity but not the direction selectivity of MT neurons (Ponce et al., 2008 (Ponce et al., , 2011 . Furthermore, previous studies have shown that Figure 11 . Summary of the main findings. A schematic of the segregated and parallel pathways for distinct processing of different motion signals in V1, V2, and V4 of macaque ventral visual pathway, encapsulating our findings with those of previous studies. Here we illustrate only the main feedforward projections. Essentially, the orientation domains mapped in V1, V2, and V4 not only process contour orientation signals but also process motion signals associated with motion axis and speed. In contrast, the direction-selective responses recorded in V2 thick stripes are independent of motion speed.
functional domains for disparity are located in V2 thick stripes (Livingstone and Hubel, 1988; Ts'o et al., 2001 Ts'o et al., , 2009 Chen et al., 2008) , where direction-selective domains were also found (Figs.  2 E, 8) . These results support the idea that the direct pathway from thalamus to V1 and to MT conveys information about motion speed and direction (Bradley and Goyal, 2008; Nassi and Callaway, 2009) , whereas indirect inputs from V2 thick stripes provide mostly disparity rather than direction information for MT (Livingstone and Hubel, 1988; Ponce et al., 2008) . It is also important to note that V4 receives major inputs from its projecting neurons in V2 pale stripes (Shipp and Zeki, 1985; Xiao et al., 1999; Sincich and Horton, 2005; Nassi and Callaway, 2009 ), but many neurons in layer 4C of V1 and thick stripes of V2 are also found to project to corresponding modules in V4 (Ferrera et al., 1992; Ninomiya et al., 2011) . Furthermore, up to one third of neurons in V4 are reported to be direction selective (Desimone and Schein, 1987; Tolias et al., 2005) . Thus, combining with motion-axis domains, the primary functional role of directionselective domains in V2 thick stripes is most likely to serve motion processing in the ventral pathway of the macaque (Fig. 11) .
Concluding remarks
The central issue addressed here concerns the cortical organization and processing of different components of motion signals in the macaque ventral visual pathway (Fig. 11) . The orientation domains mapped in V1, V2, and V4 encode the perpendicular and parallel motion below and above a low transition speed, respectively, whereas it is not the case for the segregated direction domains in the thick stripes of V2. Thus, the neuronal populations within these orientation domains with dual functions may provide a linear and efficient strategy for linking fine form and motion analysis, helping to resolve the aperture problem as well as contributing to the interactions between form and motion (Glass, 1969; Andersen, 1997; Lorenceau and Alais, 2001; Grunewald et al., 2002; Krekelberg et al., 2003; Smith et al., 2007; Kourtzi et al., 2008) .
